Abstract--With the advance in wind turbine technologies, the cost of wind energy becomes competitive with other fuel-based generation resources. Due to the price hike of the fossil fuel and the concern of the global warming, the development of wind power has rapidly progressed over the last decade. The annual growth rate has exceeded 26% since 1990s. Many countries have set goal for high penetration levels of wind generations. Recently, several large-scale wind generation projects have been implemented all over the world. It is economically beneficial to integrate very large amounts of wind capacity in power systems. Unlike other traditional generation facilities, using wind turbines present technical challenges in producing continuous and controllable electric power. The distinct feature of the wind energy is its nature of "intermittent". Since it is difficult to predict and control the output of the wind generation, its potential impacts on the electric grid are different from the traditional energy sources. At high penetration level, an extra fast response reserve capacity is needed to cover shortfall of generation when a sudden deficit of wind takes place. To enable a proper management of the uncertainty, this study presents an approach to make wind power become a more reliable source on both energy and capacity by using energy storage devices. Combining the wind power generation system with energy storage will reduce fluctuation of wind power. Since it requires capital investment for the storage system, it is important to estimate reasonable storage capacities for desired applications. In addition, energy storage application for reducing the output variation during the gust wind is also studied.
I. INTRODUCTION
ind energy is a source of renewable power which comes from air current flowing across the earth's surface. Wind turbines harvest this kinetic energy and convert it into power. The electricity is sent through transmission and distribution lines to customers. Wind generation is one of the fastest growing sources of electricity and one of the fastest growing markets in the world today.
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With an average annual growth rate of more than 25 percent over the past decade, wind is the fastest-growing sector of the energy industry all over the world. The advantages of wind energy are numerous and clear, and the technology itself has taken a leap forward in recent years.
A. Advantages
Wind power is the most mature and cost effective renewable energy technologies available today, costing between 3 and 5 cents per kilowatt-hour, depending upon the wind resource and financing of the particular project. It is competitive with traditional power plants. Unlike electricity from fossil fuel powered sources which depends on fuels whose prices are costly and may vary considerably, the cost of wind power is relative stable.
Wind is a converted form of solar energy. Wind power is inexhaustible and requires no "fuel". Wind turbines don't produce greenhouse gasses that may cause global warming.
Wind turbines can be erected on farms or ranches, thus benefiting the economy in rural areas. Farmers and ranchers can continue to work on the land because the wind turbines use only a fraction of the land.
B. Disadvantages
Good wind sites are often located in remote area, it may require significant infrastructure improvement to deliver the wind power to the load center.
Although wind power plants have relatively little impact on the environment compared to other conventional power plants, there is some concern over the noise, aesthetic (visual) impacts, and sometimes birds have been killed by flying into the rotor blades. Most of these problems have been resolved or greatly reduced through technological improvement or by properly siting wind plants [1] .
Due to its intermittent in nature and partly unpredictable, wind power production introduces more uncertainty into operating a power grid. The major challenge to use wind as a source of power is that wind power may not be available when electricity is needed. Fig. 1 shows the mismatch of the wind generation and system demand in the Electric Reliability Council of Texas (ERCOT) system. Fig.2 shows the correlation between the real time market price and wind generation output. As one can see, the excess wind power has driven the wholesale electricity price to the negative territory in the morning while reduction of the wind generation has The integration of energy storage system and wind turbine to reduce the uncertainty of wind generation will enhance the grid reliability and security. Energy storage system can shift the generation pattern and smooth the variation of wind power over a desired time horizon. It is also be used to mitigate possible price hikes or sags.
This paper discusses the benefits of combining the wind power generation system with energy storage to reduce both fluctuation of wind power and operating cost and make wind power with more reliable capacity. According to the wind quality, the study estimates the reasonable amount of energy storage capacities for the desired operations. Furthermore, energy storage for reducing the variations of the studied wind farm during the wind gust is also studied. Simulation results showed the effect of the energy storage equipments on suppressing angle, voltage, and frequency fluctuations.
II. STUDIED SYSTEM DESCRIPTION AND WIND FARM MODELING
The wind resource potential of Taiwan is shown in Fig. 3 . The wind speed is annual average (meter per second) at 50 meter height [3] . From this picture, it shows that the most of wind resources are near the coast of Taiwan. A proposed wind farm with the total capacities of 39.6 MW is used in this paper. It is assumed that the GE 3.6MW wind turbine generators are installed. This studied wind farm is located near the coastal areas of North Taiwan. The actual wind data between Feb 1, 2006 and May 31, 2007 in the area is obtained from Taiwan Power Company (TPC) [4] . Artificial Neural Network (ANN) wind capacity forecasting software developed in [5] is used to estimate wind power. 
A. New Wind Farm Configuration
The proposed wind farm comprises a number of wind turbines that are clustered and connected to a substation through underground cable and use a 22.8/161kV step-up transformer to the 161kV system. Fig. 4 shows the transmission lines configuration of Taiwan Power Company [6] . 
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B. Model of the Wind Turbine and Energy Storage
A study system consisting of wind turbine and energy storage devices is modeled. In the program, dynamic modules related to the proposed wind generation are established. The collection of wind turbines, wind speed information, wind turbine parameters, generator parameters, and the characteristics of the control systems are included [7] .
The dynamic model is shown on Fig. 5 . A user-written model can be used to simulate a wind gust by varying input wind speed to the turbine model. Following the manufacturer's recommendations, the GE wind turbine models are used for simulation [8] . [9] . Battery efficiencies both in the retrieval and in the storage of energy are taken into consideration.
III. STORAGE CAPACITY ESTIMATE RESULTS
The estimated results are shown in Figure 6 to 17. These figures show the different storage time, power rating, and storage capacity requirements. Blue line is wind power without storage device. Green area is the estimated output with desired storage capacity. From the results, one can see different storage time requires different storage capacity and power rating. One of the most important factors is the quality of the wind. The larger variation of wind speed will increase the power and storage capacity. The power and storage capacity reflects the requirement of capital investment. This paper chooses three different variations of wind power to illustrate the storage capacity requirements. Figure 6 to 9 show the storage capacity requirement to maintain the output of the wind farm as constant from one hour to one day under a typical variation of wind power. The storage capacities are 2.036MWh, 5.508MWh, 16.233MWh and 103.451MWh respectively. The maximum charging or discharging power rating is 7.39MW, 10.66MW, 13.53MW and 17.58MW respectively for different desired operation scenarios. Figures 10 to 13 show the simulation results for the combined system with storage capacity from one hour to one day when the wind speed is relative stable. As one can see, the required storage capacities and charging/discharging power ratings are smaller than the previous case. The storage capacities are 0.992MWh, 1.687MWh, 3.335MWh and 9.426MWh and the charging/discharging power ratings are 5.95MW, 6.42MW, 7.01MW and 6.78MW respectively.
A. Typical Variation of Wind Power Result
C. Larger Variation of Wind Power
Figures 14 to 17 show the behavior of the system for one hour to one day storage capacity when there is large variation of the wind speed. The required storage capacities are 5.164MWh, 10.524MWh, 22.819MWh and 137.863MWh respectively. Maximum charging/discharging power rating requirements are 16.20MW, 23.31MW, 27.94MW and 26.69MW respectively. 18 shows the storage capacity requirement for different operation scenarios for a period of one year. As one can see, the longer storage time requires more storage capacity. In addition, the storage requirements are seasonal. One can install the largest requirement of the year to accommodate the all year round operating requirement or pick the capacity to cover the target months. When wind gust occurs in wind farm, system power flow, generator angel, voltage and frequency will fluctuate. In this section, we simulate combining the wind turbine with energy storage equipments during a short wind gust in study case to mitigate the negative affect of power system fluctuation [10] . In this study case, the wind farm consists of a large number of wind turbine generators in a large area and we assume that the configuration of energy storage is connected to wind collector bus. The energy storage is modeled as the EPRI CBEST battery [9] with the charging/discharging ratings of ±39.6MW, and ±22.8Mvar. Fig. 19 shows the response of the wind farm and energy storage device during wind gust variation. The green line is wind speed, yellow line is the power output of wind generator, blue line is the response of the energy storage device, and pink line indicates the total power flow at Power of Common Coupling (PCC). As shown in Fig. 19 , the total active power injection from the wind farm (pink line) remains constant. With an average annual growth rate of more than 26 % since 1990, wind is the fastest growing energy source in the world [11] . Based on information from studies and operational experiences, the report of European Wind Energy Association (EWEA) concludes that it is perfectly feasible to integrate the targeted wind power capacity of 300GW in 2030 in UScorresponding to an average penetration level of up to 20% [12, 13] . For high penetration levels of wind power, optimization of the integrated system should be explored. One has to establish strategies to modify system configuration and operation practices to accommodate high level wind penetration [14] .
A. Reducing Wind Power Fluctuation
Since it needs significant capital investment for the energy storage devices, careful selection on the storage technologies, desired operation conditions, and storage capacity and power ratings of the storage devices are needed. This paper uses a proposed wind farm as sample system to illustrate the procedure to calculate required energy storage capacity and charging/discharging power ratings for different desired operation scenarios. The benefits of energy storage devices to mitigate the fluctuations during wind gust are also discussed.
